Introduction {#Sec1}
============

Harmful algal blooms (HABs) present a complex environmental challenge exacerbated by excessive nitrogen and phosphorus content in aquatic systems associated with agriculture practices \[[@CR1]\] and climate change \[[@CR2]\]. *Microcystis* blooms, in particular, have gained public attention owing to both the family of toxins, microcystins (MCs), and the global occurrence of such blooms. For example, Harke et al. \[[@CR3]\] have reported *Microcystis* blooms in over 108 countries and the detection of MCs in 79 of those countries. Efforts to investigate interventions for *Microcystis* blooms have widely adopted *M. aeruginosa* as a model species owing to its significant toxicity compared with other *Microcystis* strains \[[@CR4]--[@CR8]\].

Interventions that have been suggested for *Microcystis* blooms have spanned mechanical, chemical, biological, genetic, and environmental approaches \[[@CR9]\]. Mechanical solutions have involved clay flocculation \[[@CR10]\], sonication and ultra-sound-enhanced coagulation \[[@CR11]\], and artificial mixing \[[@CR12]\], while biological approaches have proposed various organisms, particularly algaecidal microorganisms, as novel solutions to limit algae overgrowth \[[@CR13]--[@CR15]\]. Chemical methods have variously employed chemical reagents, such as copper-based algaecides \[[@CR16]--[@CR18]\], sodium percarbonate \[[@CR19]\], sterol surfactants, sodium hypochlorite, and magnesium hydroxide, to control *Microcystis* blooms \[[@CR20]\]. Among these interventional strategies, the use of cupric sulfate as an algaecide has advanced as an inexpensive and effective solution \[[@CR18]\].

Although copper is an essential element for algae, elevated levels become cytotoxic by inhibiting photosystem II activity and electron transport \[[@CR21]\], and can further damage cellular membranes \[[@CR16]\]. As a result, *M. aeruginosa* has evolved at least four mechanisms to regulate intracellular copper, including (1) P-type ATPases that actively pump copper ions across the cell membrane; (2) copper chaperones that transport intracellular copper to copper-dependent proteins; (3) production of intracellular phytochelatin for copper detoxification; and (4) excretion of copper chelators such as phytochelatin \[[@CR22]\]. For these reasons, there have been recent efforts to establish optimal copper concentrations for the effective treatment of *Microcystis* blooms and the control of its secondary pollution. Critical to these efforts has been the need to determine the cellular uptake of copper in its various proposed forms by *M. aeruginosa*.

Intracellular metal element quantification has conventionally involved sample digestion to determine total metal content from which an average cellular concentration may be derived. However, not only is this approach laborious and prone to sample contamination, it cannot provide intracellular concentrations for individual cells that are needed to construct mass distributions across an otherwise heterogeneous population. This limitation has resulted primarily from the inability of conventional analytical techniques to sample individual cells, such as total reflection X-ray fluorescence (TXRF), electrothermal atomic absorption spectrometry (ETAAS), inductively coupled plasma-mass spectrometry (ICP-MS), and inductively coupled plasma-atomic emission spectrometry (ICP-AES) \[[@CR23]\]. However, this limitation has recently been overcome through the emergence of single cell-inductively coupled plasma-mass spectrometry (SC-ICP-MS) as a sensitive technique for intracellular metal quantification, down to the attogram (ag) per cell regime, to study gold nanoparticle biouptake by a freshwater nontoxic algae \[[@CR24]\]. However, this emerging technology has not been used for toxic cyanobacteria analysis.

The principle of SC-ICP-MS technology has been introduced recently \[[@CR25]--[@CR27]\]. Briefly, single cell introduction into the ICP-MS system is achieved through the use of a modified nebulizer working in conjunction with a peristaltic pump that is used to deliver small volumes of cell suspension into the spray chamber. By optimizing cell concentration and flow rate, it allows individual cells to enter the plasma. Individual cells become ionized in the plasma as discrete plumes that are subsequently detected as pulsed signals by the mass spectrometer. The pulse signal intensity is proportional to the elemental mass in an individual cell whereas the pulse signal frequency relates to the cell concentration within the cell suspension. Moreover, the baseline signal in the absence of a pulse represents the extracellular concentration of the analyte within the cell suspension. In this way, the concentrations of cells containing detectable analyte, computed masses of the analytes in individual cells, mass distributions within the cell population, and extracellular analyte concentrations can all be quantified simultaneously. Li et al. \[[@CR28]\] first introduced intact single cells into magnetic sector ICP-MS directly, and reported that the intact individual bacterium behaved like a large particle in the ICP-MS. In the following several years, SC-ICP-MS was proposed and applied for metal content analysis in multiple species, including bacteria \[[@CR29], [@CR30]\], algae \[[@CR24], [@CR26], [@CR31]\], yeast \[[@CR32]\], and human cancer cells \[[@CR25], [@CR33]--[@CR39]\]. Due to the capability to sensitively and rapidly measure metal content within individual cells, SC-ICP-MS is expected to be a rapid developing powerful technology with an enormous potential for applications in drug development, heavy metal toxicity study, metallomics, and other life sciences and environmental researches.

Accordingly, the purpose of this study was to develop a new high-throughput SC-ICP-MS method to monitor cell status and quantify copper uptake and accumulation in a toxic alga *M. aeruginosa* following exposure to proposed copper-based algaecides, by using a commercially available instrument. This approach would enable improved characterization of copper-based algaecides and their underlying mechanisms at the single cell level in order to better control *Microcystis* blooms. The resulting method was then validated by assessing cell viability following exposure using flow cytometry and the release of microcystin-LR (MC-LR) using ultra-fast liquid chromatography-tandem mass spectrometry (UFLC-MS/MS).

Materials and methods {#Sec2}
=====================

Reagents and chemicals {#Sec3}
----------------------

Elemental metal analytical standards were obtained from PerkinElmer Inc. (Shelton, CT, USA). Calibration standards were prepared from mixed standards of dissolved copper and magnesium, along with sterile modified BG-11 culture medium and 0.1 mM ethylenediaminetetraacetic acid (EDTA) to approximate sample matrices. The modified BG-11 medium was prepared by a fivefold dilution of the original BG-11 with ultrapure water in the absence of any manganese-, copper-, or magnesium-based compounds \[[@CR40]\]. Ultrapure water (18.2 MΩ·cm) was produced by a Simplicity 185 water system from Millipore (Billerica, MA, USA). *M. aeruginosa* cells were diluted with sterile 0.1 mM EDTA (Sigma, St. Louis, MO, USA) in order to chelate copper present in solution and bound to cell surfaces \[[@CR41]\]. This approach permitted direct analysis of the cells without a post-treatment washing process. A certified reference standard for drinking water (CRM-TMDW-A, from Charleston, SC, USA) was used to verify the accuracy of the calibration curve. Cupric sulfate stock solutions were prepared to a concentration of 100 μg copper per milliliter using sterile ultrapure water. EarthTec® is a widely used algaecide containing 19.8% cupric sulfate pentahydrate that was provided to the research team from a drinking water treatment plant in order to evaluate copper uptake in commercially used forms of copper-based algaecide. All bottles and tubes were soaked in 3% HNO~3~ overnight followed by three rinses with ultrapure water for cleaning purposes.

Instruments {#Sec4}
-----------

A PerkinElmer NexION 300D ICP-MS (Shelton, CT, USA) equipped with Syngistix Single Cell Application software was used for data collection and processing. The sample introduction system was equipped with a quartz single cell spray chamber, a Meinhard nebulizer, a platinum sampler, and skimmer cones. The spray chamber was regulated by a heater and thermometer at 29\~32 °C in order to prevent condensation on the inner wall of the spray chamber. The sampling system was washed with 2% nitric acid followed by ultrapure water between samples. A BD AccuriTM C6 Cytometer (Ann Arbor, MI, USA) and SYTO® 9 green fluorescent nucleic acid stain and propidium iodide red fluorescent nucleic acid stain were used to assess cell viability by following the manufacture's instruction. An UFLC-MS/MS device as Zhang et al. descripted \[[@CR42]\] was used to analyze intra- and extracellular microcystin-LR content in the algal cell suspension after algaecide treatment.

Cell culture {#Sec5}
------------

Unicellular cyanobacterium *M. aeruginosa* (UTEX LB 2388) was purchased from the Culture Collection of Algae at The University of Texas, Austin, USA, and cultured in BG-11 growth medium (Sigma-Aldrich, Saint Louis, MO, USA) as described by Ding et al. \[[@CR43]\]. The late exponential phase was in the range of 14 to 22 days, which was determined by counting cells every 2 days after sub-culture.

Two batches of cells from different dates were used for cupric sulfate and EarthTec® algaecide treatment, respectively.

SC-ICP-MS method development {#Sec6}
----------------------------

The SC-ICP-MS method development was started by assessing cell integrity before and after sampling and nebulization at variable sampling flow rates (20 and 42 μL/min) and nebulization gas flow rates (0, 0.3, 0.5, and 0.7 L/min). All the samples were tested in triplicate. Visible intact cells were counted by a hemocytometer (Hausser Scientific) with an optical microscope (Olympus CH-2 CHT) before and after nebulization.

Next, the SC-ICP-MS methods to quantify metals in *M. aeruginosa* were developed. An intrinsic metal magnesium (the most abundant isotope ^24^Mg was monitored) in *M. aeruginosa* cells, which has a high-enough quantity in individual *M. aeruginosa* cells to be detected by SC-ICP-MS, was used to determine instrument transport efficiency (TE) and the cell status. The method was optimized with respect to dwell time, sampling flow rate, and cell concentration in order to maximize sensitivity. RF power and makeup gas flow rate were set at fixed values. The method quantification detection limits for extracellular copper (^65^Cu was selected as the quantitative isotope owing to interferences for ^63^Cu) and magnesium were determined from standard solutions using the method reported by Dan et al. \[[@CR44]\]. The quantification detection limit for intact cell concentration was determined from the abundant intrinsic metal pulse signal frequencies using serial dilutions of fresh cell suspensions, a similar method with the nanoparticle concentration quantification detection limit determination \[[@CR44]\], i.e., the detected cell concentration in good agreement with the prepared cell concentration. The detection limit for intracellular copper mass per cell was determined to be the lowest metal mass in the mass distribution histogram, equivalent to 3 times the standard deviation of background noise. All samples were measured in at least triplicate. A concentration of approximately 500,000 cells/mL of fresh *M. aeruginosa* cell suspension was used to determine the TE by monitoring the abundant intrinsic element ^24^Mg. This method should generate the most accurate TE for cells because the same cells were used under the same matrix.

Algaecide treatment experiments {#Sec7}
-------------------------------

Cells were harvested in the late exponential phase, followed by centrifugation at 500*g* for 10 min. The supernatant was discarded, and the cell pellet was washed twice with sterile modified BG-11 medium by centrifugation at 500*g* for 5 min. The cell pellet was re-suspended in the modified BG-11 medium to constitute the cell stock standard suspension. Cell concentrations were determined with a hemocytometer. The cell stock suspension was diluted to 500,000 cells/mL with 0.1 mM EDTA, and the cell concentration in the diluted cell suspension was counted again to obtain the exact cell concentration for determination of TE for SC-ICP-MS analysis. TE was determined daily before each experiment. For algaecide treatment experiments, cell stock was diluted to 1,000,000 cells/mL with modified BG-11 medium, and cells were finally treated with cupric sulfate or EarthTec® at concentrations of 0, 30, 60, 100, and 200 μg/L copper, respectively.

At fixed time intervals, the concentrations of intact cells, extracellular copper and magnesium concentrations, and the concentrations of cells containing detectable levels of copper in control groups were quantified after a three-fold dilution of cell suspension with 0.1 mM EDTA. For the treatment groups, samples were diluted to reach a copper concentration of 10 μg/L based on the dosed copper concentration before SC-ICP-MS detection of the concentration of the cells containing detectable levels of copper and intracellular copper masses per cell, to minimize the impact of the extracellular copper signal on the pulsed cell signal. The matrix-matched dissolved copper and magnesium standard solutions were used to make calibration curves for intra- and extracellular copper and magnesium quantification. All the samples were analyzed immediately to avoid possible metal release or continuous uptake to ensure the accuracy of copper uptake quantification. At the same time, samples were also collected for cell viability detection by a flow cytometer and MC-LR detection by the UFLC-MS/MS analysis with the method described by Zhang et al. \[[@CR42]\]. Because all samples need to be analyzed immediately by the SC-ICP-MS, flow cytometry, and UFLC-MS/MS methods, only selected treatments were duplicated (60 μg Cu/L of two copper-based algaecide treatments).

Results and discussion {#Sec8}
======================

SC-ICP-MS analysis method development {#Sec9}
-------------------------------------

TE refers to the ratio of analyte entering the plasma to the amount of analyte aspirated \[[@CR45]\], and represents a key parameter for cell concentration quantification by SC-ICP-MS. Pace et al. \[[@CR46]\] compared three methods of measuring TE of SP-ICP-MS technology for particle detection, the waste collection method, particle size method, and particle frequency method, finding that the waste collection method tended to overestimate TE, while the particle size and particle frequency methods tended to correctly estimate TEs. However, unlike SP-ICP-MS in which the particle integrity is maintained throughout the nebulization process, many cell types are prone to lysis during sample introduction. In this study, cells were collected after nebulization and the cell integrities were examined using a microscope to verify that the sample introduction system was operating as intended without damaging cells. These results, which have been shown in Supplementary Electronic Material (ESM) [Fig. S1](#MOESM1){ref-type="media"}, indicated that *M. aeruginosa* cells were successfully entering the ICP-MS as intact cells following sampling and nebulization. Next, an intrinsic metal that physiologically accumulates in *M. aeruginosa* was selected to detect the intact individual cells into the ICP-MS system. Our initial assessment of common intrinsic metals found that intracellular magnesium was abundant in intact *M. aeruginosa* cells, as shown in Fig. [1](#Fig1){ref-type="fig"}, to be used for rapid cell concentration determination by SC-ICP-MS and TE detection. Therefore, intracellular magnesium in fresh cells could be monitored in order to determine real-time TE. This novel TE determination method using cells themselves by detecting the intrinsic metal in individual cells represents real cell status; thus, it should make more accurate quantification than the other methods. It should be noticed that the small peak at low masses might come from the old cell debrides containing a small amount of Mg. When we determined the intact cell concentrations, we excluded these small peaks.Fig. 1Intracellular magnesium mass distribution in fresh *M. aeruginosa* cells

TE was calculated automatically by Syngistix Single Cell Application software using the following equation (similar with the particle frequency method referenced above \[[@CR46]\]):$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \eta =\frac{N}{C\times \left(Q\times T\right)}\times 100\%, $$\end{document}$$where *η* is TE, *N* is the number of peaks, *Q* is the sample flow rate, *T* is the scan time, and *C* is the cell concentration as determined by a hemocytometer. The mass spectrometer dwell time, sample flow rate, and cell concentration were all optimized to yield a high and stable TE. The optimization of these method parameters is shown in ESM [Fig. S2](#MOESM1){ref-type="media"} while the optimized parameters are summarized in Table [1](#Tab1){ref-type="table"}. Fresh cell suspension at a cell concentration in the range of 5000 to 1,000,000 cells/mL was found optimum for TE detection; finally, 500,000 cells/mL of fresh cell suspension was used for TE determination. RF power and makeup gas flow rate were fixed, while nebulization gas flow rate and TE vary from day to day due to routine daily optimization and determination, respectively.Table 1Optimized SC-ICP-MS analysis method parametersParameterValueRF power (W)1600Nebulization gas flow rate (L/min)^a^\~ 0.5Makeup gas flow rate (L/min)0.7Sample flow rate (μL/min)21\~22Dwell time (μs)100Scan time (s)100Transport efficiency (%)^b^45.56\~63.65Analyte^65^Cu, ^24^Mg^a^Parameter is re-optimized daily; ^b^Parameter is determined daily

The mixed standards of dissolved copper and magnesium were used to make all calibration curves. Quantification detection limits for extracellular copper, extracellular magnesium, and cell concentration were determined to be 1 μg/L, 0.2 μg/L, and 3000 cells/mL, respectively; quantification detection limits for intracellular copper and magnesium mass per cell were 65 ag/cell and 98 ag/cell, respectively (Table [2](#Tab2){ref-type="table"}).Table 2Detection limits for selected extracellular metal concentrations, *M. aeruginosa* cell concentration, and selected intracellular metal masses per cellNameDetection limitConcentrationIntracellular mass per cell^65^Cu1 μg/L65 ± 7 ag^24^Mg0.2 μg/L98 ± 12 ag*M. aeruginosa*3000 cells/mL/

Copper-based algaecide effectiveness assessment by SC-ICP-MS {#Sec10}
------------------------------------------------------------

Given that an intrinsic magnesium pulse signal was detectable only in intact cells, evidenced by the agreement of SC-ICP-MS and flow cytometer detections, the loss of intracellular magnesium signals following exposure to the copper-based algaecides was attributed to cellular lysis causing magnesium to be released into the extracellular matrix. Significant levels of magnesium were not found in the algaecide reagents, modified BG-11 medium, and 0.1 mM EDTA solution. Hence, we monitored the variations of cell status in *M. aeruginosa* populations after algaecide treatment over time by quantifying intact cell concentrations and released magnesium ion concentrations. For each experiment, the calibration curve of dissolved magnesium generated high linearity (*R*^2^ \> 0.98) and quality control water reference standard CRM-TMDW-A (High Purity, USA) was analyzed to make sure quality data was generated. Following exposure to cupric sulfate (0, 30, 60, 100, and 200 μg/L copper), the percentage of cells with detectable levels of magnesium did not change significantly in the 30 μg/L treatment group and decreased to 73%, 13%, and less than the detection limit in the 60 μg/L, 100 μg/L, and 200 μg/L treatment groups, respectively, after 8 h of treatment (Fig. [2a](#Fig2){ref-type="fig"}). Extracellular magnesium, indicative of lysis-induced metal release, increased following treatment for 4 h in the 60 μg/L treatment group, 2 h in the 100 μg/L treatment group, and 1 h in the 200 μg/L treatment group. Only slight increases in extracellular magnesium were observed in the 30 μg/L treatment group after treatment for 8 h (Fig. [2c](#Fig2){ref-type="fig"}). Similarly, the percentage of cells with detectable levels of magnesium decreased following treatment with EarthTec® for 8 h in the 60 μg/L treatment group, 4 h in the 100 μg/L treatment group, and 2 h in the 200 μg/L treatment group. Cells in the control group and the 30 μg/L treatment group started lysing following treatment with EarthTec® for 8 h, yet more than 70% of cells remained intact after treatment for 18 h (Fig. [2b](#Fig2){ref-type="fig"}). Extracellular magnesium was also found to increase after treatment with EarthTec® for 4 h in the 60 μg/L treatment group, 2 h in the 100 μg/L treatment group, and 1 h in the 200 μg/L treatment group. However, extracellular magnesium increased after treatment for 8 and 2 h in the control and the 30 μg/L treatment groups, respectively (Fig. [2d](#Fig2){ref-type="fig"}). The possible reason for the difference of magnesium release from the 30 μg/L treatment groups in cupric sulfate and EarthTec® treatments was that the cells were from different batches. These results suggested that cell lysis and magnesium release occurred in response to higher doses of copper in the forms of cupric sulfate and EarthTec® while minimal effectiveness was observed in the 30 μg/L treatment groups. In addition, extracellular magnesium increased faster in *M. aeruginosa* cells that were treated with cupric sulfate compared with EarthTec®, indicating cupric sulfate functions faster than EarthTec®.Fig. 2Percentage of cells with detectable levels of magnesium following exposure to (**a)** CuSO~4~ and (**b)** EarthTec® treatments over time, and extracellular magnesium concentrations following exposure to (**c)** CuSO~4~ and (**d)** EarthTec® over time using SC-ICP-MS

Copper-based algaecide effectiveness validated by flow cytometer {#Sec11}
----------------------------------------------------------------

Flow cytometry is a technique capable of monitoring multiple characteristics of a single cell, and has the ability to distinguish cell debris and intact cells, as well as alive and dead cells \[[@CR47]\]. In this study, flow cytometry was used to verify the copper-based algaecide effectiveness results obtained by the SC-ICP-MS method. First, the flow cytometer accuracy was determined and compared with that obtained from a hemocytometer using a fresh suspension of *M. aeruginosa* with a cell concentration of 1,000,000 cells/mL (all in triplicate). This comparison demonstrated that the flow cytometer arrived at a similar cellular concentration as the hemocytometer. Next, the accuracy of the SC-ICP-MS method to detect intact cells based on intrinsic magnesium was verified using flow cytometry which indicated cell integrity and viability for *M. aeruginosa* stained with nucleic acid dyes. An aliquot of cell sample was dyed with nucleic acid stains and then intact cell concentration and cell viability were detected by a flow cytometer when cell status was monitored by SC-ICP-MS. This comparison demonstrated that the SC-ICP-MS method accurately detected cell integrity following exposure to both cupric sulfate and EarthTec® (Fig. [3](#Fig3){ref-type="fig"}). Furthermore, this experiment revealed that the EarthTec® treatment resulted in both intact viable cells and intact nonviable cells whereas cupric sulfate treatment resulted primarily in intact viable cells. This difference implies that the treatment with EarthTec® resulted in slower cell lysis after killing the cells compared to cupric sulfate treatment.Fig. 3Cell viability and integrity following exposure to CuSO~4~ and EarthTec® over time using flow cytometry (bars) and SC-ICP-MS (lines), respectively

Determination of cellular copper uptake by SC-ICP-MS {#Sec12}
----------------------------------------------------

First, the performance of the SC-ICP-MS was verified using the modified BG-11 medium. The matrix-matched calibration curve showed excellent linearity (*R*^2^ \> 0.99) and water reference standard (CRM-TMDW-A) recoveries and algaecide spiked recoveries were in the range of 80% to 100%. Within the control groups for cupric sulfate and EarthTec® treatments, mean intracellular copper masses were 237 ± 15 ag/cell and 207 ± 14 ag/cell, respectively, representing 31% ± 3% and 49% ± 5% of *M. aeruginosa* cells with detectable levels of copper, respectively (ESM [Fig. S3](#MOESM1){ref-type="media"}). This indicated that a low level of Cu was present in the *M. aeruginosa* before copper-based algaecide treatment. The difference between cupric sulfate and EarthTec® treatments may be attributed to the different batches of cells. It is known that copper is an essential element for organisms, and the original BG-11 medium contains 20 μg/L copper ions to support cell life activity, so only partial cells contained low and detectable levels of copper in the control groups, where cells were suspended in modified BG-11 medium without Cu. Though not all untreated cells contained copper, the cells took up much more copper after algaecide treatments; to highlight copper uptake in algaecide treatment groups, any measurements less than 237 ag/cell or 207 ag/cell for cupric sulfate and EarthTec® treatment groups, respectively, were excluded from mass distributions of algaecide treatment groups.

Our experiment suggested that *M. aeruginosa* lysed following hyperaccumulation of copper; *M. aeruginosa* cells uptake copper faster by cupric sulfate treatment than the EarthTec® treatment; *M. aeruginosa* cells uptake copper faster by higher algaecide concentration (Fig. [4](#Fig4){ref-type="fig"}). The mean intracellular copper mass increased slowly over 8 h in the 30, 60, and 100 μg/L copper doses in the cupric sulfate treatment groups. In contrast, the 200 μg/L dose quickly accumulated intracellular copper during the first 2 h, after which intracellular Cu decreased, suggesting that some of the cells were damaged and releasing Cu during lysis. (Fig. [4a](#Fig4){ref-type="fig"}). In the EarthTec® treatment groups, intracellular copper changed similarly with that of the cupric sulfate treatment groups over 8 h in the 30, 60, 100, and 200 μg/L copper treatments, followed by continual reductions in the higher-dosage groups (60, 100, and 200 μg/L copper), while continuously increasing in the 30 μg/L copper treatment group up to 18 h (Fig. [4b](#Fig4){ref-type="fig"}). Similarly, the number of cells with detectable amounts of copper also peaked and declined following increased exposure to Cu-EarthTec® (Fig. [4c, d](#Fig4){ref-type="fig"}), but at a slower speed and higher amount of Cu per cell before decreasing compared with the cupric sulfate treatment. Taken together, the exact intracellular copper content which is supposed to cause cell lysis and 100% of cells containing detectable copper were not displayed in all treatment groups. The results implied cell heterogeneity for *M. aeruginosa* during the copper treatment, i.e., cells that uptake copper fast would lyse once reaching a certain content of intracellular copper and cells that uptake copper slowly would stay alive and accumulate a higher amount of mass before lysing. The mean intracellular copper masses and the concentrations of cells containing detectable levels of copper were computed from those live cells.Fig. 4Intracellular copper levels following exposure to (**a)** CuSO~4~ and (**b)** EarthTec® over time, the percentage of cells with detectable levels of copper following exposure to ( **c)** CuSO~4~ and (**d)** EarthTec® over time, and the percentage of intracellular copper in *M. aeruginosa* relative to dosed copper following exposure to (**e)** CuSO~4~ and (**f)** EarthTec® over time

Treatment with cupric sulfate or EarthTec® both caused rapid accumulation of intracellular copper, as shown in Fig. [4](#Fig4){ref-type="fig"}. Higher doses of algaecide resulted in a more rapid cellular lysis, as previously discussed in regard to the magnesium release and flow cytometry measurements. Mass balance calculation showed that the highest copper uptake by cell populations during treatments, relative to the dosed concentrations, were 8.13%, 5.99%, 5.83%, and 5.72% copper ions in 30, 60, 100, and 200 μg/L copper of CuSO~4~ treatment groups, respectively, and 6.44%, 7.69%, 5.29%, and 3.64% copper ions in 30, 60, 100, and 200 μg/L copper of EarthTec® treatment groups, respectively (Fig. [4e, f](#Fig4){ref-type="fig"}), and these only represent a lesser percentage (within analytical deviation range) of dosed copper. Meanwhile, extracellular copper concentrations did not change significantly throughout the experiment, which was consistent with calculated copper uptake. The real-time signal also showed the extracellular copper concentration did not change significantly in treated groups after treatment for different times, such as 200 μg Cu/L of the EarthTec® treatment group (ESM [Fig. S4](#MOESM1){ref-type="media"}), though the pulse signals that represent the copper taken by cells increased during the first 2 h and then decreased with the exposure time increasing, indicating the cells' lysis. Therefore, our data suggests that excessive copper doses speed up copper uptake and cell lysis, rather than increases the amount of copper uptake. Notably, and based on the mass distribution observations (Fig. [5](#Fig5){ref-type="fig"}), *M. aeruginosa* cells exhibited marked heterogeneity in copper uptake from the surrounding matrix, corroborating the theory discussed above that there were differences among cells in copper uptake and cells lysed following hyperaccumulation of copper. The intracellular copper mass distributions were highly symmetrical prior to cell lysis; however, there were notable long tails in the mass distributions following more cells lysing (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Copper mass distributions in cell populations treated with CuSO~4~ and EarthTec®

Detection of MCs by UFLC-MS/MS {#Sec13}
------------------------------

As another mode to assess the effectiveness of cupric sulfate and EarthTec® as preferred algaecides, the intracellular and extracellular levels of algal toxin MC-LR produced by *M. aeruginosa* were also monitored using the UFLC-MS/MS method \[[@CR42]\]. These measurements were used to determine whether the algaecides would affect MC-LR and its release to the extracellular matrix. Consistent with our findings from the SC-ICP-MS and flow cytometry experiments, extracellular concentrations of MC-LR did increase following exposure to both algaecides. Specifically, extracellular MC-LR increased in a dose-dependent manner while total MC-LR concentrations remained unchanged (Fig. [6](#Fig6){ref-type="fig"}). In this way, treatment of *M. aeruginosa* with cupric sulfate and EarthTec® at sufficiently high doses invariably leads to cellular lysis. Therefore, such interventions are useful for controlling *M. aeruginosa* blooms, but fail to control the subsequent release of accumulated MCs into water. These results have implications in water treatment in which cellular lysis can inadvertently release MCs.Fig. 6Intracellular and extracellular MC-LR concentrations following exposure to CuSO~4~ and EarthTec® over time

Conclusions {#Sec14}
===========

In this study, a sensitive and rapid SC-ICP-MS method was developed to monitor cell status and quantify copper uptake by individual *M. aeruginosa* cells. The method was then applied to the study of two promising copper-based algaecides: cupric sulfate and a commercial copper-based product, EarthTec®. Our findings suggested that the SC-ICP-MS method was both sensitive and reproducible for the quantitation of copper in individual *M. aeruginosa* cells. Compared with other SC-ICP-MS methods, the developed method detected cell suspensions directly after suitable dilution, instead of repeat cell washings and re-suspensions, which avoided possible cell loss/damages and simplified sample preparation. The novel method for TE detection using a known concentration of fresh cell suspension as standard through detecting intrinsic magnesium of individual *M. aeruginosa* cells produces true TE. Treatments with 60, 100, and 200 μg/L copper as cupric sulfate and EarthTec® successfully diminished *M. aeruginosa* populations. The SC-ICP-MS method, alongside flow cytometry and UFLC-MS/MS measurements, suggested that these two algaecides led to copper hyperaccumulation followed by cellular lysis. Moreover, cell lysis or magnesium release in cupric sulfate treatment groups was faster than that in EarthTec® treatment groups. In both treatments, the higher the copper concentration the cells were treated with, the faster the copper uptake rate, and more cells lysed or magnesium released. However, further work will be needed to control the release of MCs into water since copper accumulation and subsequent lysis alone were not found to reduce MC-LR; thus, further treatment of this and other algal toxins possibly released together is needed.
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